In the present study we report the existence of typical islets of Langerhans in the duodenal wall of the rat. The nature of the cells and of their corresponding secretory granules were assessed by morpho-cytochemical techniques. The insulin cells formed the core of the islets while the glucagon, the somatostatin and the pancreatic polypeptide cells were located at the periphery. These islets were located in the connective tissue between the duodenal crypts and the muscle layer, neighbouring the last portion of the bile duct, The morphological features of these endocrine cells indicate the presence of high secretory activities which may play an important role in the maintenance of glucose homeostasis, particularly during absorption of nutrients.
In 1869 Paul Langerhans described the presence of particular cellular clusters, the islets of Langerhans, in the pancreatic tissue. Since then, and in spite of numerous studies and major advances in the understanding of the morphological and functional properties of the islets of Langerhans [1] , the presence of islets has been restricted to the pancreatic gland. In the present study, morpho-cytochemical investigations performed on the duodenal wall of normal adult rats have demonstrated the presence of islets of Langerhans displaying the four different pancreatic endocrine cells in their classic arrangement. The role of these extrapancreatic islets in the maintenance of glucose homeostasis remains to be elucidated although they must be involved in the rapid endocrine response to glucose absorption during digestion.
Materials and methods
Duodenal and pancreatic tissues from six male Sprage Dawley rats (-250 g body weight) were fixed in B ouin's fixative or in 4% paraformaldehyde-1% glutaraldehyde, 0.1 mol/l phosphate buffer and processed for light (paraffin) and electron microscopy (Epon), respectively. The duodenal tissue was sampled at different levels, particularly those contiguous to the last portion of the bile duct. For light microscopic immunohistochemistry, the avidin-biotin peroxidase technique [2] was applied in combination with four specific antibodies: a guinea-pig anti-insulin (ICN Immunobiologicals, Lisley, Ill., USA) and rabbits anti-glucagon, anti-somatostatin (Instar Corp., Stillwater, Minn., USA) and anti-pancreatic polypeptide (Dako Corp., Carpinteria, Calif, USA) antibodies. For electron microscopic immunocytochemistry, the protein A-gold technique [3] was applied in combination with the same antibodies.
Results
Examination of duodenal tissue sections after the peroxidase staining with the four different antibodies, revealed positive cells in the connective tissue of the duodenal mucosa and submucosa (Figs. i a-d) . The insulin (Fig. 1 b) and glucagon ( Fig. 1 d) cells were arranged in clusters which resembled the pancreatic islets. These extrapancreatic islets were located between the duodenal crypts and the muscle layer, but were restricted to the area of the duodenum traversed by the last portion of the bile duct before its opening into the intestinal lumen. The islets were not located in the wall of the duct, but rather close to the duodenal crypts. In several instances, a small accessory pancreatic duct which directly connects the duodenal lumen, was found in the vicinity ( Fig. 1 ) and isolated endocrine cells were occasionally present among the epithelial cells (Fig. lc) . In all cases, the islets were clearly surrounded by connective tissue and showed no direct contact with the epithelial cells of the ducts or of the crypts. No acinar tissue was present in the surroundings. When serial sections were performed and stained for the different pancreatic hormones, the classic organization described for the pancreatic islets [1] was found in these extrapancreatic ones. Indeed, the majority of the insulin-positive cells constitute the core of these islets while the glucagon and some somatostatin-and pancreatic polypeptide-secreting cells were located at the periphery displaying thin cytoplasmic processes (Figs. 1 a, i c) that encircle in part the other cells. These observations were confirmed by electron micro- (Fig.2) which in addition revealed the characteristics of each type of cell. In particular, the morphological features of the secretory granules which identify each cell type concurred with those well established in the corresponding pancreatic endocrine cells. In addition to the presence of numerous secretory granules, the endocrine cells displayed well-developed rough endoplasmic reticulum and Golgi apparatus. Several granules were located at the periphery of the cells closely related to the plasma membrane. The hormonal content of each granule was confirmed by performing the protein A-immunogold technique with the appropriate antibody. Indeed, the labelling by gold particles revealing the corresponding antigens, was present over the core of the appropriate granules (Fig.3) , as welt as over the endoplasmic reticulum and Golgi. Numerous capillaries were found in the connective tissue closely related to the islet cells with occasional penetration through the islet itself. Furthermore, bundles of nerve fibres originating from neighbouring submucosal ganglia, reached the peripheral islet cells. The presence of such extrapancreatic islets was registered in four of the six animals investigated.
Discussion
In the present report we describe the presence of typical islets of Langerhans in the duodenal wall. These islets were located in the region traversed by the last portion of the bile duct. Besides being located extrapancreatically and away from the acinar parenchyma, the morphological characteristics of these islets and of their cellular components were found, by all means, to be identical to those displayed by the pancreatic islets, Furthermore, the intracellular compartments and secretory machinery of each cell type were equally identical to those well established in pancreatic islet cells. The fact that all the cell types display well-developed rough endoplasmic reticulum, large Golgi apparatus and numerous secretory granules, some of which were located close to the plasma membrane, speaks in favour of a high secretory activity in these endocrine cells. The relevance of their secretion on blood glucose homeostasis, remains however to be evaluated. Because of their topographical location, these islets might be exposed to high interstitial glucose levels, particularly at time of digestion and absorption. Their secretion may thus counteract rapid and transient, but local, hyperglycaemia due to massive glucose absorption. It is of interest to underline the existence of a group of disorders in which hypoglycaemia occurs in post-fed states [4] . The causes of this postprandial reactive hypoglycaemia remain undetermined and controversial. That this idiopathic reactive hypoglycaemia is related to the functional activity of the duodenal islets, could be considered.
Another role that pancreatic hormones may play in the intestinal wall corresponds to atrophic paracrine action on surrounding tissues. Indeed, pancreatic hormones have been shown to have a direct and definite influence on the pancreatic exocrine parenchyma [5] , through the presence of specific hormone receptors at the level of the acinar cell plasma membranes. Similarly, insulin receptors have been described in the baso-lateral plasma membrane of enterocytes [6, 7] , and insulin has been shown to have a M. Bendayan and I.-S. Park: Extrapancreatic islets in the duodenum trophic effect on duodenal epithelial cells [8, 9] . Thus, the presence of functional extrapancreatic islets in the intestinal mucosa, may result in a direct paracrine influence of islet hormones on duodenal epithelium.
Concerning the origin of these islets, it has been clearly established that along the phylogeny, isolated endocrine cells secreting pancreatic hormones were first located in the gut mucosa of invertebrates [10] . In cyclostomes the first separated islet organ, embedded in gut-connective tissue is found in the distal part of the bile duct protruding into the gut [10] . In highly developed teleost, on the other hand, the Brockmann bodies remain related to the bile duct although the endocrine tissue is already well detached from the gastrointestinal tract. Thus, the presence of islet cells in the duodenal wall of mammals, while not being open to the gut lumen but closely related to the bile duct, appears to be an evolutionary remnant from the phylogenetic evolution which could still play an important role in the maintenance of glucose homeostasis.
Finally, in searching for adequate sites for transplanting pancreatic tissue, the normal occurrence of islets of Langerhans in the duodenal mucosa of mammals, indicates that this intestinal site may in fact represent a particularly favourable location for islet transplantation.
